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Abstract 
Ion-induced track data are analyzed without the application of any model for revealing the 
existing relationships between them. Published data are completed with some new ones. Prethinned 
Y3Fe5O12 samples were irradiated by C60 ions with 3.5, 5 and 7 MeV energy. Track radii Re were 
measured by electron microscopy. It was derived from the data that the electronic (Se) and nuclear 
stopping (Sn) powers are combined as Se+Sn when they have a simultaneous effect. =0.45 was 
derived from experiments on Y3Fe5O12. When using larger database   varies in the range 0.4>>0.17 
with increasing ion energy that is valid for monoatomic irradiations as well, and this is the origin of the 
reduction of Re with the increasing ion energy in insulators. A Gaussian relationship exists between 
melting temperatures Tm and track radii in track forming insulators for Se/N=constant (N – atomic 
number density). Due to this Tm is the unique controlling materials parameter for the track size.  
Consequences for the parameters of the induced temperature distributions are discussed. The 
conclusions were deduced directly from the raw experimental data, therefore, the derived relationships 
should be followed by any theoretical model.  
Keywords: ion irradiation, fullerene, insulators, tracks, TEM  
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1. Introduction  
Ion irradiation by energetic ions may induce severe changes in insulators and intensive research 
activity is going on continuously for several years in various fields: track formation, swelling, electronic 
mixing and sputtering, formation of hillocks, anisotropic growth, radiotherapy [1]. From a theoretical 
point of view these effects are the results of very complex processes, as the ions may have velocities up 
to 10% of the velocity of light, when they lose a high number of electrons. As a result, the highly 
charged, fast projectile induces a very strong electromagnetic field leading to high ionization of the 
lattice atoms, high number of excited energetic electrons, formation of high electric field and forces, 
formation of deformation waves and various types of defects. A high transient temperature field is also 
formed during the relaxation of the system and this may lead to various processes in the solids. Besides 
the theoretical interests the researchers are also inspired by practical problems as well, as a growing 
number of radiation sources are applied for scientific, technical and medical purposes.  
When an energetic ion hits a solid target it interacts with it by the elastic mechanism 
characterized by the nuclear stopping power Sn and the inelastic mechanism characterized by the 
electronic stopping power Se. The induced damage is the result of both effects. Typically, tracks are 
formed in crystalline insulators where often a cylindrical amorphous phase is formed along the trajectory 
of a high energy projectile. The track radius Re depends on Se when Se>>Sn as the simultaneous effect 
of the two mechanisms is not significant for such irradiations.  
Numerous theoretical approaches have been proposed up to now for explaining the track 
formation [2]. Though they seem to be reasonable we cannot be sure that the correct one is among them. 
Just the relatively high number of such models is the indication of the uncertainty concerning their 
validity. It is timely to cite Einstein, who wrote „the most beautiful logical theory means nothing in 
natural science without comparison with the experience”[3]. Here he speaks about experience that means 
an investigation from many aspects. We refer to this idea because it is frequently ignored and if a 
calculation reproduces some experimental result in a solid it is already considered as a sufficient 
evidence for the validity of the applied model.  
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The basic idea of this paper: any theory must be checked by various types of experiments 
involving many solids. Any limitation of the experimental basis reduces the value of the comparison 
with the experience. In the field of irradiation induced effects, the most accurate data are available for 
experiments of track formation [2], therefore, our analysis is based on such type of measurements. We 
show the results of some types of experiments which have been ignored in checking theoretical 
predictions but we consider them highly important. Our opinion is that the information available from 
experiments have not been fully utilized for verification of the various track models. Here we 
demonstrate that the appropriate analysis of the experimental data is suitable for providing basically new 
information for theories.  
In this paper, we intentionally do not apply any model and try to avoid even mentioning them. 
We expect new additional information from experiments performed on different materials comparing 
their response. When the comparison is made under appropriate conditions quantitative relationship is 
found between track radii measured in different track forming insulators induced in independent 
experiments by different ions of different energies having different values of Se. The mathematical 
consequences of this relationship between nominally independent track radii are discussed providing 
information on the mechanism of track formation, the control parameter and the relation between the 
temperatures induced in different solids.  
We start with experiments where tracks are induced simultaneously both by Se and Sn and show 
that the deduced information puts several formal restrictions on the theories. When it was necessary, the 
available data were completed with some new ones. Then the analysis is extended to the collective 
features of track formation that also leads to important additional information.  
 
 
2. Experimental 
In the last three decades many experiments have been performed for measuring ion-induced 
tracks in various solids. Unfortunately only few of them are systematic ones and usually the ranges of 
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the experimental variables are rather limited. Most of the track data were obtained with the application 
of high energy ions with E>1 MeV/nucleon, when Se>>Sn. However, at lower ion energies this is not 
the case and it is still an open question how to combine correctly the two contributions of the energy 
deposition. This is an important problem both from theoretical and experimental aspects. Therefore, we 
completed the existing data with new experimental results. Y3Fe5O12 (YIG) was chosen for the 
experiments as the response to irradiations by energetic heavy ions of this solid has been investigated 
most thoroughly.  
In our experiments an YIG layer was grown on Gd3Ga5O12 (GGG) substrate by liquid phase 
epitaxy. The samples prethinned for transmission electron microscopy (TEM) in the Institute for 
Technical Physics and Materials Science, Hungarian Academy of Sciences were irradiated at room 
temperature by C60 ions of 3.5, 5 and 7 MeV energy at the TANDEM facility in ETH Zürich. The beam 
parameters are given in Table 1 and the SRIM2013 code is applied for the calculation of Se and Sn [4].  
Projectile 
Energy 
MeV 
Se 
keV/nm 
Sn 
keV/nm 
Sn/ Se 
 
Re 
nm 
C60 3.5 21 6.1 0.29 7.1 
C60 5 25.1 5.1 0.20 7.1 
C60 7 29.4 4.2 0.14 7.4 
 
Table 1. Irradiation parameters of prethinned TEM samples; 
Re- track radius. 
 
The fluences were in the range of (2-4)x1010 ions/cm2 to avoid track overlapping. The ion 
energies were chosen to have relatively high values for the ratio Sn/Se.  
A Philips CM20 electron microscope was used in the studies of the irradiated YIG crystals. 
Although this is a conventional TEM (with a point resolution of only 0.28 nm at an accelerating voltage 
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of 200 kV), due to the large lattice parameter of the investigated crystals it was completely suitable to 
use it in high resolution mode. In some cases high resolution electron microscopy (HREM) was also 
performed by means of a dedicated HRTEM made by JEOL (type 3011). This latter was used at 300 kV 
accelerating voltage with a point resolution of 0.17 nm. 
Due to the preferential thinning no further preparation steps was necessary. Exact (111) 
orientation of the cubic YIG crystal was easily achieved by the diffraction available in the TEM. The 
three [110] type lattice plane series of the YIG phase (d=0.875 nm) were easily resolved with the CM20 
microscope and could be used as an internal standard for the size measurement of the tracks. The 
boundary between amorphous tracks and the crystal was found sharp therefore their size could be 
determined quite accurately. 
 
3. Results 
In Fig.1 a TEM picture of a sample irradiated by 5 MeV C60 ions is shown with uniform circular 
tracks. The parallel crystalline planes are clearly seen on the magnified insert and they are used for 
internal calibration that is highly advantageous for the accuracy of the measurements. The track 
diameters were determined as an average of about 50 measurements.  
HREM measurements were also performed. A picture made using a JEOL 3011 electron 
microscope is shown in Fig.2. 
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Fig.1 Bright field TEM picture of a YIG sample irradiated by C60 ions of 5 MeV energy. Insert shows 
magnified image of the YIG crystal in {111} orientation with a circular amorphous track. 
 
 
Fig.2 HREM picture of two closely positioned track in a YIG sample irradiated by C60 ions of 3.5 MeV 
energy 
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In this figure, the directions and distances of the crystal planes are well defined. The figure 
nicely demonstrates the amorphous structure of the tracks and the crystalline –amorphous boundary is 
also clearly seen. There is no marked deformation contrast around the tracks. 
Compared to previous results, the track radii are considerably larger than those which have been 
induced by swift heavy ions at similar values of Se when Se>>Sn. This is in agreement with the expected 
elastic contribution to the energy deposition. The deviations are especially emphasized when the results 
are compared with those of Jensen et al. [5] (see Fig.3) who have published a systematic study of tracks 
in YIG samples irradiated by Cn cluster ions in a broad range of Se. Regretfully, similar studies on other 
materials are missing, at present.  
  
 
4. Discussion  
4.1 Combination of the electronic and nuclear stopping in track formation 
In the case of dominant electronic excitation, track formation starts above a threshold value Set 
.which varies with the individual materials parameters (MPs). Usually, this is a simple smooth curve and 
track radii Re vary monotonously with Se. One of the purposes of this paper is to get information how 
Se and Sn are combined when they act simultaneously. This is quite different from the situation when a 
sample is preirradiated by low energy ions and then it is irradiated by high energy projectiles in a second 
step. 
First, we studied the results of previous experiments in various insulators for Se values well 
above Set and Se>>Sn and such experimental results are shown in Ref.[6]. These conditions were satisfied 
by monoatomic projectiles and energetic cluster ions as well. Compared to the intensity of the research 
for several decades in this field, the number of suitable systematic studies is relatively low. We selected 
tracks induced by ions in the range of about E<2 MeV/nucleon. The importance of this condition will 
be discussed later. In Fig.2 in Ref.[6], the Re2-Se track evolution curves can be described in a good 
Page 8 of 28AUTHOR SUBMITTED MANUSCRIPT - PHYSSCR-108130.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Ac
ce
pte
d M
nu
scr
i t
  
9 
 
approximation by a simple expression Re2=kSe where k is a constant for the given material. We note 
that, in general, the linearity fulfills well for Re2>20 nm2. Later experiments on Gd2Ti2O7 [7,8] and 
Gd3Ga5O12 [9] are in agreement with this description. 
In Fig.3, our present data are completed with those of Jensen et al. [5]. Here the condition Se>>Sn 
is not valid intentionally for a number of tracks. The increase of the track radii especially in the range 
Se=20-35 keV/nm in Fig.3 may be due to the contribution of the elastic energy deposition to the 
formation of tracks (see Table 1). 
 
 
 
Figure 3. Variation of track radii Re with the electronic stopping power Se in YIG samples irradiated 
by Cn cluster beams of various energy. The experimental data were corrected taking into account the 
contribution of the nuclear stopping power Sn (x); see upper scale. 
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By applying the previous empirical relation it is assumed that the simultaneous effect of Sn and 
Se can be described in the form of  
Re
2 = k(αSe + βSn)                                                         (1)  
where k,  and  are constants whose values we intend to estimate from the analysis of experimental 
data. Eq.(1) can be transformed in the form 
Re
2
Se
⁄ = k (α + β
Sn
Se
)                                                            (2) 
that provides an opportunity for a simple analysis. In Fig.4, track data of YIG are plotted according to 
Eq.(2). The results are k=3.2 and k=1.44 leading to /=0.45 (the lowest point was not used in the 
fit). This simple analysis led to an important result. Actually, when track formation processes are 
considered the energy deposition by elastic interaction is about twice as efficient than the electronic one. 
The deposited electronic energy is transformed to lattice energy by a rather complex way and it is 
possible that some processes do not contribute to the formation of tracks. On the other hand, the 
deposition of the elastic energy is rather localized for the low energy Cn ions. Therefore, it is reasonable 
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Figure 4. Analysis of track data by using Eq.(2); Re – is the track radius , Sn and Se are the nuclear and 
the electronic stopping power.  
 
to assume that ≈1 for our experiment and accordingly ≈0.45.  
The energy deposition processes must not be special in the range of 20-35 keV/nm. Therefore, 
it is assumed that our result is valid beyond this range as well even when Se>>Sn. On the other hand, 
after studying the published results, we did not find marked difference in the behavior of YIG and other 
track forming insulators. This is an indication that <1 may be valid for other materials as well, though 
this still must be confirmed by direct measurements on other solids.  
It was the basis of our analysis that the active fraction of the energy deposition leading to track 
formation is the linear combination of Se and Sn and found that the correct form could be approximated 
by the expression 0.45Se+Sn. It is evident that the elastic contribution is rather high in some cases and 
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the position of the track data may change rather considerably in the figure when Se>>Sn is not valid. In 
Fig.3, the track evolution curve becomes smoother, the deviations are reduced considerably and the 
curve is more coherent after introducing the correction term. In all irradiations resulting in Re2<30 nm2 
C10, C5 and C2 cluster ions were applied with relatively high energies in Fig.3 [5]. Therefore, Sn/Se<<1 
was valid and the correction did not change the track positions in the figure. This also confirms the 
validity of our approach. We note that the track data for YIG follow nicely the Re2=kSe line after the 
correction in Fig.3.  
The value of  was estimated based on experiments on YIG. The method was rather sensitive 
to the accuracy of the track measurements and it was an advantage that we could use an internal 
calibration in YIG in the analysis of TEM pictures. It is shown that when track formation is the result of 
the simultaneous action of Se and Sn then Se+Sn is a good approximation for Cn projectiles. In the case 
of clusters of heavier than carbon atoms the value of  can be reduced due to the high energy collision 
cascades leading to a considerably broader energy distribution. It is possible to estimate the value of  
by applying the SRIM code [4]. This would require the knowledge of the mechanism of track formation 
as the size of the radial range around the trajectory ought to be known where Sn may modify the track 
size. However, we just concentrate on obtaining independent experimental information that may reveal 
some details of the controlling mechanism. Thus we do not intend to apply any model in this paper.  
Later in this paper we shall show other methods as well for the estimation of . Nevertheless, we can 
conclude at this stage that it is without doubts, that only a fraction of Se is efficient for track formation. 
This is important, because this is not widely known though the simultaneous formation of several 
types of defects besides amorphous tracks have been described in a number of publications. However, 
it was not concluded in any case that these processes reduce the energy available for amorphous track 
formation. Moreover, there are theoretical calculations showing that excited elastic waves can carry 
off alone up to 50% of the initially deposited energy of a spherical spike [10] or up to 30% for a 
cylindrical spike [11]. Nevertheless, these and similar results have not been applied in various theories 
of track formation. We note that the above effects are in agreement with our present results. 
Page 12 of 28AUTHOR SUBMITTED MANUSCRIPT - PHYSSCR-108130.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Ac
ce
pte
d M
an
us
cri
pt
  
13 
 
In experiments with cluster ions on YIG it was found that <1. This result must be valid for 
monoatomic irradiations as well. Otherwise a drop would be observed on the Re-Se track evolution 
curves when monoatomic and cluster ions are equally used in experiments. However, such change was 
not observed in YIG [12]. Thus it is reasonable assuming that the value of  is not sensitive to the kind 
of the projectile. In subsequent sections the problem will be studied using a larger data base and it will 
be shown that <1 is typical for insulators and the effect is closely related to other basic features of track 
formation as well. Actually, it will be discussed how the value of  varies with the ion energy, what is 
the effect of the composition of the insulators and what is the extent of the uniformity that characterizes 
the response of insulators to irradiation by energetic particles.  
 
4.2 Velocity effect  
It is a well-known experimental fact that low velocity ions are more efficient for track formation. 
This is the so-called velocity-effect (VE) [13]. There is not a generally accepted energy range for low 
velocity (LO) and high velocity (HI) ions. According to our experience the appropriate ranges are E< 2 
MeV/nucleon and E>8 MeV/nucleon for LO and HI ions, respectively. In these ranges, VE is 
approximately uniform within experimental error. Up until now, the track formation in the transition 
range 2<E<8 MeV/nucleon has not been studied in details.  
The active fraction of the deposited energy  may vary with E. Unfortunately, the previous 
analysis cannot be repeated for experiments with swift heavy ions when E>8 MeV/nucleon, as Se>>Sn 
in this range. We note that VE may vary with Se even at E≈constant in some complex structures [14] 
but those experiments are not included in this study.  
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Fig.5. Variation of the threshold electronic stopping power Set in various insulators for low (E<2 
MeV/nucleon) and high (E>8 MeV/nucleon) velocity ions; c, Tm and Tir denote the specific heat, melting 
and irradiation temperatures, respectively (see Ref.[15] for details). 
  
It is mentioned in the Introduction that we expect useful results from the comparison of the 
experiments performed on different insulators. One of these possibilities is the study shown in Fig.5 
where threshold values of track formation Set are shown in different insulators versus c(Tm-Tir) where c 
is the specific heat, Tm and Tir are the melting and the irradiation temperatures, respectively. The specific 
heat is estimated by applying the Neumann-Kopp rule.  
It is highly important that the figure demonstrates the uniform behavior of insulators both at 
high and low ion velocities. This is an essential feature of track formation. In the previous section it was 
found that ≈0.45 for YIG. The straight lines in Fig.5 demonstrate the similarity of the behavior of YIG 
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and other insulators in both energy ranges. This is also supported by experiments on Gd2Ti2O7, 
Gd2Zr2O7, Gd2TiZrO7 where there is no drop on the Re-Se track evolution curves when monoatomic and 
cluster ions are equally used in experiments [8]. One of the consequences of the plot in Fig.5 is that <1 
is expected for other insulators as well.  
Typically, Set is considerably lower for LO irradiations compared to experiments with HI ions. 
This is the consequence of VE. A relationship between Set and Tm shown in the figure is not unexpected 
as the amorphous-crystalline phase transition takes place at this temperature in normal conditions. 
However, it is a very important information that Set is a simple function of Tm. The result is a clear 
demonstration of the thermal origin of track formation. It would be difficult to explain the role of Tm on 
another basis.  
In previous sections we found that only a fraction =Set is directly related to the process of 
track formation. It is a reasonable assumption that  may be even lower in the HI range due to VE and 
the lower value of  is compensated by a higher Set. Thus the value of  in the HI range HI can be 
simply estimated if the corresponding values of Set are known. We can use the slopes of the two lines in 
Fig.5 for this purpose leading to LO/HI=2.27 [15]. Other experiments also support this explanations 
(see later).  
The importance of this experiment is due to the fact that =1 is assumed in nearly all present 
theoretical approaches when track formation is considered. Therefore our experiment may be followed 
by similar ones on other insulators.  
 
4.3 Relation between track sizes induced in different insulators  
Further basic information can be drawn from the plot in Fig.6 where again a relationship is 
presented between track formation in various insulators [16]. In this figure, track radii Re were induced 
by HI projectiles and <se>=A=constant throughout the figure where <se>=Se/N 
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Figure 6. Variation of the track radii Re with Tm-Tir where Tm and Tir denote the melting and irradiation 
temperatures, respectively; <se/3k> = 7.5 x 105 nm2 K for all data with<se>=Se/N, where Se and N are 
the electronic stopping power and the atomic density, respectively; for all data E>8 MeV/nucleon. The 
enveloping curve given by (r)=TpHexp{-r2/(wH)2} is a fit with wH=4.5 ± 0.27 nm and TpH=2020 ± 100 
K, for details see [16].  
 
and N is the number density of atoms. The only exception was CaF2 where Cn cluster irradiations were 
applied in the LO range, nevertheless, the results were coherent with the track data of other insulators 
induced in the HI range. CaF2 is included into this figure just because it is an important exception (see 
later). In these experiments, the irradiations were performed in different solids using different ions with 
different energies, with different values of Se. Nevertheless, there is a simple quantitative relationship 
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between track radii induced in nominally independent experiments. This must be related to a basic 
feature of the underlying mechanism.  
In Fig.6, the variation of track radii Re can be described by a simple Gaussian curve 
(r)=TpHexp{-r/wH}2, where wH=4.5 ± 0.27 nm and the peak temperature TpH=2020 ± 100 K. According 
to the figure 2Re is equal to the width of the (r) function at =Tm-Tir and this procedure provides the 
appropriate track radii for various insulators within experimental error. Similarly to the previous figure 
the variable is Tm in this plot proving the thermal origin of track formation and its relationship with the 
ion-induced temperature. This is a very important basic result that has not received any attention from 
theoreticians in the last ten years up until now. A further important information given by this figure is 
that <se> and do not Se is the correct parameter when track formation is studied in experiments on several 
insulators. The existence of the (r) relation is rather convincing in this respect.  
The plot in Fig.6 is highly valuable as it demonstrates that when the temperature sensitivity is 
examined in a particular solid, track formation is related exclusively to Tm. There is no indication for 
any insulator in Fig.6, that any thermal parameter which is specific to a given solid apart Tm would affect 
the track size. Evidently, this feature is valid in other presentations of the track data, as well. Therefore, 
if an Re2-Se track evolution curve is studied separately one cannot expect obtaining information on any 
other parameter of the ion induced temperature distribution T(r,t) as Re does not depend on it. 
Consequently, there seems to be no requirement from the experimental side on the shape, the peak 
temperature or the thermal energy of T(r,t) or on the contribution of the heat of fusion when tracks are 
studied only in a particular solid. The only information we have is that the width of (r) is equal to 2Re 
at Tm-Tir and this is an indication that the maximum width of T(r,t) is equal to the track diameter when 
the local temperature T=Tm.  
There is a serious problem hidden in these observations. The induced temperature does not 
depend exclusively on the properties of the particular solid. In reality, further restriction must exist for 
T(r,t) as its parameters cannot vary freely from the relation (r). This is valid for a number of insulators, 
as well, otherwise, the existence of (r) would be impossible. Thus the temperatures induced in different 
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insulators are indirectly related due to their dependence on (r). And this is the key to the solution of 
the problem: the plot in Fig.6 demonstrates the existence of a relationship between (r) and the induced 
temperatures in different solids. The experiments provide information on the parameters of T(r,t) in a 
broad range of temperatures, however, it can be revealed only by a complex method involving studies 
on different solids and their simultaneous analysis like in Fig.6.  
The effect of the heat of fusion L on the track size is a characteristic situation from this aspect. 
It is evident from the plot in Fig.6 that track radii Re depend only on a single variable Tm. Thus the 
melting temperature Tm is the unique MP that affects the track size. If this were not correct, considerable 
deviation from the smooth curve would appear in Fig.6 as MPs, including the heat of fusion L, usually, 
are not proportional to Tm-Tir. However, there is no scatter exceeding the usual experimental error for 
the insulators in the figure. The same considerations are valid for other MPs, as well. 
Compared to the heat Qm required for raising the temperature from room temperature to Tm, L 
may have a value up to L/Qm≈0.5 and even higher [8]. Thus its value might affect the induced 
temperature considerably. However, different calculations of the track evolution curve e.g. in YIG 
[12,17], provide equally good agreement with the experiments when L is taken into account [12] or 
ignored [17]. This is quite unexpected considering the high values of L. Moreover, it will be shown 
further in this paper, that the width, the peak temperature and the shape of T(r,t) are strictly defined by 
the relationship between experimental data in various insulators in Fig.6. Nevertheless, it has not any 
effect on the accuracy of the calculations of Re when these requirements are ignored in a particular solid 
[12,17]. The reason of it has been clarified in the above considerations. In a theoretical analysis, only 
the maximum width of the calculated T(r,t) must be correct at the melting temperature for obtaining the 
proper value of Re in a particular insulator and this can be achieved by a high number of different T(r,t) 
functions. The application of all these T(r,t) functions may lead to satisfactory agreement with track data 
when using suitable fitting parameters. However, it is only the track formation that has such a specific 
feature. The peak temperature and shape of T(r,t) are, for example, indispensable information for the 
investigation of the electronic mixing or sputtering. 
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Similarly to Fig.6 an analogous relationship was found for tracks induced by LO irradiations in 
various solids for <se>=B=constant which also could be described by a Gaussian function with wL=4.45 
± 0.18 nm [16]. As a result of a proper choice of B the peak temperature TpL=2024 ± 90 K was close to 
the value of TpH [16] with B<A due to VE. We emphasize here that w=4.5 nm is identical for various 
insulators, and it does not vary with the ion specific energy E. A detailed analysis showed that <se> also 
may vary in a broad range keeping w=4.5 nm [17]. Previously, we showed that w may be related to 
fundamental constants namely 
a0=
λe
2πα
≈
πα
2
w                                                                (3) 
where a0, e and  are the Bohr radius, the Compton wavelength of electrons and the fine structure 
constant, respectively. Eq.(3) provides w=4.62 nm in excellent agreement with the experiments showing 
a deviation within 3% [16]. This may be considered as an indication that the existence of the (r) relation 
is the consequence of basic interactions which have not been taken into account previously.  
T(r,t) is the ion-induced temperature increase and its value is Tm-Tir when the local temperature 
is Tm. The width of T(r,t) varies with time; we take for the origin of the timescale t=0 the moment when 
the maximum width is attained at the melting temperature. In an ideal case, this maximum width is equal 
to the track diameter and in the same time it is equal to the width of the (r) function at =Tm-Tir 
providing (Re)=T(Re,0) for the given solid. Moreover, this ought to be fulfilled simultaneously for n 
solids with the same value of <se>, having different thermal parameters and different Tn(r,0) distributions 
since Fig.6 and other similar figures are valid for a number of solids simultaneously. And this must be 
valid for various values of <se>=constant, as well. Thus we arrived to the conclusion that track radii in 
various insulators are given by the same universal-type function (r). 
Additionally, there is a further problem. Tm can be considered as a preferred temperature only 
in that sense that it is a unique temperature where the width of T(r,0) can be measured indirectly using 
the appropriate track size. There is no such possibility for TTm. Otherwise, all temperatures are 
equivalent for the energy deposition. Merely the fact that Tm is the temperature of the phase transition 
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is not a firm physical basis for justifying that the maximum widths of the Tn(r,0) distributions must be 
equal to a universal-type function (r) at these temperatures for a number of solids. If the phase 
transition were responsible for this effect, then other parameters like heat of fusion, and various 
parameters of the amorphous phase would modify the (Re)=T(Re,0) equation. However, this is not the 
case.  
Thus the relationship between T(r,0) and (r) must be valid not only for a single temperature 
Tm but for other temperatures as well. However, if the widths of T(r,0) and (r) are equal in a solid at 
any temperature then they must be identical. This is essentially a mathematical condition deduced from 
Fig.6. The result is rather unexpected, but this is the only solution of the problems.  
Thus (r) provides reliable information on the shape and parameters of the ion-induced 
temperature, that is supported by experiments on numerous materials. It is evident from the above 
considerations that (r)=T(r,0) is an identical Gaussian distribution in a number of insulators as shown 
in Fig.6 and the Gaussian width w do not vary with E or <se>. In the present paper these are not 
assumptions of a model, but a conclusion drawn from well-known experimental facts. In the opposite 
case when (r)T(r,0), the agreement of the experimental data with the Gaussian curve in Fig.6 would 
be the result of occasional coincidences that have an extremely low probability. We discussed this 
problem in Ref. [16] in details.  
Continuing our considerations on (r), we can also find information on the value of  in the HI 
range, as well. We have two sets of parameters for (r): one for LO and another for HI irradiations. It 
was found that the Gaussian width of T(r,0)= (r) does not vary with ion energy and TpL≈TpH in our 
case due to the appropriate values of A and B. Thus the thermal energies are equal for any Tn(r,0) 
distributions of n solids and consequently HIB=LOA. By using the numerical value in [16] 
(<se/3k>=3.42 x 105 nm2 K for LO irradiations) HI=0.46LO. This is in good agreement with our 
previous estimate based on the variation of <set>. Thus we arrived to a similar conclusion as previously 
when the plot in Fig.5 was used for the estimation of HI. This result is based on measurements on a 
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considerable number of solids. The agreement between the two independent methods is very important 
as it confirms the reliability of our results with respect to T(r,0)= (r) and the values of . 
A useful possibility is offered when the equation of the balance of energy is applied to (r) as 
the source of the thermal energy is N<se>. The dependence of the peak temperature Tp on <se> can be 
obtained by this method and a complete analytical form of (r) can be derived leading to  
(r)=
α<se>
3πkw2
e
-{ r
2
w2
⁄ }
 ,                                                             (4) 
where k is the Boltzmann constant and the Neumann-Kopp law is used. An expression for <set> can be 
derived from Eq.(4) which is in good agreement with the data in the plot in Fig.5. A byproduct of Eq.(4) 
is that the value of  can be estimated from the peak temperatures TpH and TpL in Fig.6 and in an 
analogous figure in Ref.[16]. The result is LO=0.38 and HI=0.17. This value of LO is slightly lower 
than our previous estimate using the plot on Fig.4. We consider the lower value more reliable as it is 
based on experiments on several materials and LO=0.4 is used in most publications. 
The validity of the above result is rather simple to check. When Tm and Re are known for an 
insulator in Fig.6 and Tm is also given for another one then Re can be easily calculated for it by using 
the expression for . When repeating this calculation for various values of <se> the complete Re(<se>) 
track evolution curve can be obtained by this method. This has been done for several solids and good 
agreement between the experimental and calculated values was obtained even when track sizes in the 
HI range were estimated from track values in the LO range [18]. On one hand, this confirms our 
conclusions concerning the general features of (r). On the other hand, it excludes the possibility that 
Re may depend on any other MPs besides Tm. We note that such calculations have been also done 
successfully for Y3Fe5O12 in Ref.[18] which is a basic material for experimental and theoretical studies 
often using about 10 various MPs.  
A further possible step may be the application of the results for =Tm-Tir and r=Re leading to an 
analytical expression describing the Re=Re(<se>) track evolution curve. However, this is beyond the 
scope of this paper.  
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4.4 Final comments 
We mention, that the expression for T(r,0)=(r) has been successfully applied for the 
description of the ion-induced sputtering in SiO2 [19] and UO2 [20] in a broad range of <se> varying by 
an order of magnitude. In the case of track formation the key parameter is the maximum width at T=Tm, 
and the peak temperature of T(r,t) is rather indifferent. However, the key parameter for electronic 
sputtering is rather the peak temperature. Our present results predict that the application of other 
calculated T(r,t) distributions which seem to be successful in the analysis of track formation but are 
different from (r) may lead to difficulties for sputtering while Eq.(4) is equally useful in sputtering and 
track studies [19,20] in a broad range of Se. 
We have no doubts that the above conclusions are valid for those solids whose track data have 
been used in the analysis. Altogether, these are about 20 track forming insulators, which are about 1/3 
of those solids in which irradiation induced tracks were found up until now if semiconductors, HTCSs 
and polymers are not included. However, this does not mean that the rest of the data are in contradiction 
with the above findings. Unfortunately, those data are not suitable for our analysis as Se or E or N or Tm 
are not well defined in the experiments or the measurements are performed in the range 2 MeV/nucleon 
<E<8 MeV/nucleon where the (E) function is not known at present with sufficient accuracy. According 
to our best knowledge, there is not any reliable systematic experimental study contradicting to our above 
conclusions. 
The main question is what is the significance of the uniform behavior of the above 20 insulators, 
in general? We note that it is a rather unique phenomenon when complex processes proceed identically 
in various solids without any effect of the individual materials properties. This is a new effect, no similar 
behavior has been described or predicted by any microscopic model or theoretical simulation. This is 
remarkable even when there would be no more such solids than those 20. However, as these solids were 
chosen essentially randomly for experiments in the original publications it is a reasonable assumption 
that a rather high number of insulators may exist with such properties. When extending the systematic 
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investigations to other materials, it would be important to find insulators where (r) is not formed since 
this may assist revealing the origin of the actual mechanism of the localized energy deposition. 
While the amorphous tracks are apparently stable in the above solids, there are also examples 
when some transformations may occur within the tracks. There are materials where partial 
recrystallization is observed (Al2O3, CeO2 [14]) and tracks with complex structure are formed in others. 
Thus tracks consisting of an amorphous core and a disordered defect-fluorite shell are reported recently 
in pyrochlors where the fraction of these components varies with <se> [21]. Some other deviations from 
the general behavior are also reported. For example, there are evidences that VE is missing in some ionic 
crystals. An evidence is seen in Fig.6 where LO track radius for CaF2 fits quite well in the Gaussian 
curve for the HI range. VE is also missing in the overwhelming majority of other experimental data in 
this solid including TEM, Rutherford backscattering and X-ray diffraction data [22,23]. Recent track 
data [24] are also in agreement within experimental error with the one used in Fig.6. However, there are 
opposite opinions as well based on a few HI tracks in CaF2 [23] while no explanation is given why is 
VE missing in most of the author’s data. Further experiments should solve this discrepancy as there are 
also other results indicating the missing of VE in ionic crystals [25]. Besides the ionic crystals, there 
may be other types of insulators with missing VE as well. Then (r) is identical to T(r,0) for them in 
the HI and LO ranges as well as =HI in the full range of ion velocities in this case.  
When analyzing directly the raw experimental data we did not use any assumptions. Therefore, 
the results show real quantitative relations which exist between the experimental data. These quantitative 
relations must be valid for the results of the theoretical calculations as well. A theoretical model that 
describes correctly the physical processes must be inherently coherent with these findings.  
It is interesting that the heat of fusion L seems to be indifferent for track formation though the 
crystalline-amorphous phase transition is a basic process. The absence of L may be the consequence of 
a more general problem: equilibrium values of thermal parameters are not valid in the conditions of 
extremely intensive and fast electronic processes. Superheating is not the solution of the problem as the 
melting temperatures Tm represent the MPs in Figs.5,6. This situation deserves a thorough theoretical 
analysis.  
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5. Conclusions 
Prethinned TEM samples of YIG were irradiated by C60 beams of 3.5, 5 and 7 MeV energy and 
the diameters of the induced amorphous tracks were measured. Previous experimental data obtained by 
irradiations with Cn cluster beams were analyzed together with our new results. Quantitative 
relationships are derived without the applications of any model. By using the results of TEM 
measurements it is shown that only an  fraction of Se takes part in the processes of track formation. A 
comparison with the experiments with swift heavy ions showed for insulators that  varies with E from 
LO≈0.4 (E<2 MeV/nucleon) to HI≈0.17 (E>8 MeV/nucleon). This provides an explanation of the 
velocity effect. In the case of a simultaneous effect the expression 0.4Se+Sn is responsible for track 
formation where ≈1 for C60 cluster ions. A universal-type (r) relationship is found between 
independent experimental Re, Tm data pairs measured in various insulators for <se>=constant; 
(r)=<se>/3πkw2exp{-r2/w2} with w=4.5 nm providing r=Re for (r)=Tm-Tir for a number of track-
forming insulators. 
It is concluded that the ion-induced T(r,0) temperature distributions are identical in different 
insulators: T(r,0)=(r) for <se>=constant. Tm is the only MP including the heat of fusion L that controls 
the track size indicating the thermal origin of track formation. The width and shape of T(r,0) do not 
change with E and Se and <se> rather than Se is the right parameter when tracks are studied 
simultaneously in several insulators. As the above conclusions are derived without any assumptions 
directly from the raw experimental data of about 20 insulators they must reappear in a correct model of 
irradiation effects, as well.   
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Captions 
Figure 1. Bright field TEM picture of a YIG sample irradiated by C60 ions of 5 MeV energy. Insert 
shows magnified image of the YIG crystal in {111} orientation with a circular amorphous track. 
Figure 2. HREM picture of two closely positioned track in a YIG sample irradiated by C60 ions of 3.5 
MeV energy. 
Figure 3. Variation of track radii Re with the electronic stopping power Se in YIG samples irradiated 
by Cn cluster beams of various energy. The experimental data were corrected taking into account the 
contribution of the nuclear stopping power Sn (x); see upper scale. 
Figure 4. Analysis of track data by using Eq.(2); Re – is the track radius , Sn and Se are the nuclear and 
the electronic stopping power.  
Figure 5 Variation of the threshold electronic stopping power Set in various insulators for low (E<2 
MeV/nucleon) and high (E>8 MeV/nucleon) velocity ions; c, Tm and Tir denote the specific heat, melting 
and irradiation temperatures, respectively (see Ref.[15] for details). 
Figure 6. Variation of the track radii Re with Tm-Tir where Tm and Tir denote the melting and irradiation 
temperatures, respectively; <se/3k> = 7.5 x 105 nm2 K for all data with<se>=Se/N, where Se and N are 
the electronic stopping power and the atomic density, respectively; for all data E>8 MeV/nucleon. The 
enveloping curve given by (r)=TpHexp{-r2/w2} is a fit with wH=4.5 ± 0.27 nm and TpH=2020 ± 100 
K, for details see [16].  
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Table 
 
Table 1. Irradiation parameters of prethinned TEM samples; Re- track radius. 
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